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Abstract—Chronic heart failure is a medical condition that
involves structural and functional changes of the heart and a
progressive reduction in cardiac output. Heart failure is
classified into twocategories: diastolic heart failure, a thickening
of the ventricular wall associated with impaired filling; and
systolic heart failure, a dilation of the ventricles associated with
reduced pump function. In theory, the pathophysiologyof heart
failure is well understood. In practice, however, heart failure is
highly sensitive to cardiac microstructure, geometry, and
loading. This makes it virtually impossible to predict the time
line of heart failure for a diseased individual. Here we show that
computational modeling allows us to integrate knowledge from
different scales to create an individualized model for cardiac
growth and remodeling during chronic heart failure. Ourmodel
naturally connects molecular events of parallel and serial
sarcomere deposition with cellular phenomena of myofibrillo-
genesis and sarcomerogenesis to whole organ function. Our
simulations predict chronic alterations in wall thickness, cham-
ber size, and cardiac geometry, which agree favorably with the
clinical observations in patients with diastolic and systolic heart
failure. In contrast to existing single- or bi-ventricular models,
our new four-chamber model can also predict characteristic
secondary effects including papillary muscle dislocation, annu-
lar dilation, regurgitant flow, and outflow obstruction. Our
prototype study suggests that computationalmodeling provides
a patient-specific window into the progression of heart failure
with a view towards personalized treatment planning.

Keywords—Cardiac modeling, Hypertrophy, Growth,

Hypertension, Finite element method.

INTRODUCTION

Cardiovascular disease is the leading cause of death

and disability, accounting for approximately 40 % of

all human mortality.4 Despite tremendous scientific

efforts during the past 20 years, heart failure remains

one of the most common, costly, disabling, and deadly

medical conditions affecting more than 25 million

people worldwide.40 Heart failure usually worsens over

time; it is the major cause of hospitalization in the

elderly with a 5-year mortality rate of 50%.38 Since

disease progression is highly sensitive to various

patient-specific parameters,29 the time line of heart

failure varies significantly among affected individuals.

This suggests that—for treatment outcomes to be

successful long-term—treatment strategies need to be

designed on an individualized, patient-specific basis.42

Cardiologists commonly classify heart failure into

two categories, diastolic and systolic heart failure.10

Diastolic heart failure is associated with concentric

hypertrophy, a thickening of the ventricular wall,

which results in impaired filling.21 Systolic heart failure

is associated with eccentric hypertrophy, a dilation of

the ventricles, which manifests itself in reduced pump

function.16 Both conditions ultimately result in

reduced cardiac output, increased risk of cardiac arrest,

and insufficient blood supply to the rest of the body.35

The symptoms of heart failure largely depend on

which side of the heart fails.28 Left-sided overload,

associated primarily with the systemic circulation, cau-

ses growth of the left ventricle and compromises blood

flow to the body and the brain.41 Right-sided overload,

associated with the pulmonary circulation, causes right

ventricular growth and compromises blood flow to the

lungs.24 Ultimately, both conditions can be fatal.10

Heart failure is a multiscale phenomenon, which

gradually propagates across the scales.9,48,58 On the

molecular level, heart failure is initiated by the parallel

or serial addition or removal of sarcomeres, the
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smallest functional units of a heart muscle cell.43 On

the cellular level, these alterations in cytoskeletal

ultrastructure manifest themselves in a chronic thick-

ening or lengthening of the individual muscle cells.47

On the whole organ level, muscle cell thickening or

lengthening result in chronic ventricular wall thicken-

ing or ventricular dilation.7 Ultimately, these structural

changes not only affect the mechanical function, but

also the electrical activation of the heart.33

Computational modeling provides a powerful tool

to reveal how local changes in cytoskeletal architecture

and cellular morphology translate into global alter-

ations of whole organ form and function.8,46 To date,

numerous computational models exist to simulate the

behavior of the left ventricle,55 a few models exist to

simulate both the ventricles,2,6 but only a limited

number of models exist to simulate the atria19 or the

human heart with all four chambers.57 Creating whole

heart models remains challenging, since the atrial wall

is markedly thinner than the ventricular wall, the atria

are often entangled, and their geometry can be quite

complex.19 This not only complicates image segmen-

tation, but also atrial discretization with an appropri-

ate finite element mesh.

Here we create a four-chamber model of the human

heart to simulate changes in cardiac form and function

during diastolic and systolic heart failure. Figure 1

illustrates the underlying anatomic and geometric

models created from magnetic resonance images.60

From this geometry, we create a finite element mesh

with regionally varying muscle fiber orientations.5 Our

model represents all four chambers as deformable,

anisotropic, hyperelastic growing bodies, connected

through the tricuspid and mitral valves. This allows us

to predict not only the primary effects of heart failure

including left and right ventricular wall thickening21 or

dilation,16 but also the characteristic secondary effects

including papillary muscle dislocation,20 mitral annu-

lar dilation,52 tricuspid annular dilation,54 regurgitant

flow,12 and outflow obstruction.44 Upon appropriate

calibration, our model has the potential to predict how

different growth phenomena propagate across the

scales with the ultimate goal to estimate the risk of

heart failure and support decision-making on an indi-

vidualized, patient-specific basis.

MATERIALS AND METHODS

Continuum Model

To model cardiac growth within the framework of

continuum mechanics,3 we multiplicatively decompose

the spatial gradient F ¼ rXu of the deformation map

u into an elastic part Fe and a growth part Fg,53

F ¼ Fe � Fg with F ¼ rXu: ð1Þ

Within the framework of finite growth, only F is the

gradient of a continuous mapping—the elastic tensor

Fe and the growth tensor Fg are generally associated

with an incompatible configuration and do not derive

as gradients from a vector field. To account for quasi-

incompressibility of the elastic deformation, we further

decompose the elastic tensor,

FIGURE 1. The Living Heart model. Anatomic model created from magnetic resonance images (left).60 Geometric model with the
two atria, the two ventricles, the four valves, and the major vessels (middle, left).60 Finite element model with 208,561 linear
tetrahedral elements and 47,323 nodes (middle, right).5 Muscle fiber model with 208,561 discrete fiber and sheet directions
interpolated from geometric reconstruction (right).59
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Fe ¼ Fe
vol � Fe ; ð2Þ

into volumetric and isochoric parts,

Fe
vol ¼ Jeð Þ1=3I and Fe ¼ Jeð Þ�1=3

Fe : ð3Þ

Here I denotes the second-order unit tensor,

Je ¼ det Feð Þ ¼ Jevol is the elastic Jacobian and

Je ¼ det Fe
� �

¼ 1 is the isochoric Jacobian.26 As a

result of this decomposition, the independent variables

that characterize the elastic deformation are now the

elastic Jacobian Je and the isochoric deformation

gradient Fe or, equivalently, the isochoric elastic

Green–Lagrange strain tensor Ee,

Je ¼ detðFeÞ and Ee ¼ 1

2
½ ðJeÞ�2=3 ðFeÞt � Fe � I � ;

ð4Þ

where the total and elastic Green–Langrage strain

tensors are E ¼ 1
2
½Ft � F� I � and

Ee ¼ 1
2
½ ðFeÞt � Fe � I �. The underlying principle of the

theory of finite growth is that only elastic deformation

generates stress. This implies that the strain energy

function w is a function of the elastic deformation

only. To account for quasi-incompressibility, we split

the strain energy function into volumetric and iso-

choric parts,

wðJe;EeÞ ¼ U Jeð Þ þ w Ee
� �

: ð5Þ

For the volumetric part, we adopt the following

ansatz,

U Jeð Þ ¼ 1

2D0

ðJeÞ2 � 2 ln Jeð Þ
h i

; ð6Þ

where D0 controls the degree of incompressibility. For

the isochoric part, we use an orthotropic Fung-type

model13 adapted for myocardial tissue,22

wðEeÞ ¼ 1

2
C0 expðEe

: B0 : E
eÞ � 1

� �
; ð7Þ

keeping in mind that the growth model itself is con-

ceptually modular and can easily be combined with

alternative, more recent myocardial tissue models.27,49

In Voigt notation,45 the fourth-order constitutive ten-

sor B0 takes the following simple representation,
cB0 ¼ diag Bff;Bss;Bnn; 2Bfs; 2Bfn; 2Bsn

� �
, where the

individual entries are the weights of the normal and

shear strains in the fiber, sheet, and normal directions.

Following the standard arguments of thermodynamics,

we can then calculate the total second Piola–Kirchhoff

stress,

S ¼ @w

@E
¼ @w

@Ee
:
@Ee

@E
¼ ðFgÞ�1 � Se � ðFgÞ�t; ð8Þ

and its elastic counterpart,

Se ¼ @w

@Ee
with Se ¼ Se

vol þ Se
iso ¼

@U

@Ee
þ @�w

@Ee
:

ð9Þ

Growth Model

To model transverse fiber growth through chronic

cardiomyocyte thickening, we introduce a growth

multiplier #? that represents the parallel deposition of

sarcomeres on the molecular level.17,18 The growth

tensor for transverse fiber growth follows as the rank-

one update of the growth-weighted unity tensor in the

plane perpendicular to the fiber direction f0,

Fg ¼ #? Iþ ½ 1� #? � f0 � f0 : ð10Þ

We invert the growth tensor using the Sherman–

Morrison formula to derive an explicit expression for

the elastic tensor,

Fe ¼ 1

#? Fþ #? � 1

#? f� f0 ; ð11Þ

where f ¼ F � f0 denotes the fiber direction in the

deformed configuration. The growth multiplier,

#? ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det ðFgÞ

p
¼

ffiffiffiffiffi
Jg

p
; ð12Þ

represents the thickening of the individual muscle cells

through the parallel deposition of new myofibrils. In

contrast to initial growth models, which tie transverse

growth Fg ¼ Iþ ½#? � 1 � s� s0 to the sheet direction

s0,
17,18 here we interpret transverse growth as the

parallel deposition of new myofibrils associated with a

cross sectional area growth perpendicular to the mus-

cle cell’s long axis f0.
58

To model longitudinal fiber growth through chronic

cardiomyocyte lengthening,21 we introduce a scalar-

valued growth multiplier #jj that reflects the serial

deposition of sarcomeres on the molecular level.17,18

The growth tensor for longitudinal fiber growth fol-

lows as the rank-one update of the unity tensor along

the fiber direction f0,

Fg ¼ Iþ ½#jj � 1 � f0 � f0 : ð13Þ

Using the Sherman–Morrison formula to invert the

growth tensor, we can derive the following explicit

representation for the elastic tensor,

Fe ¼ Fþ 1� #jj

#jj f� f0 : ð14Þ

The growth multiplier,

#jj ¼ det ðFgÞ ¼ Jg; ð15Þ
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now takes the physiological interpretation of the lon-

gitudinal growth of the individual cardiac muscle cells

through the serial deposition of new sarcomere units.

For simplicity, for both transverse and longitudinal

growth, we assume stretch-driven growth kinetics,31

_# ¼ 1

s
h k� kcrit i ; ð16Þ

where the term in the Macaulay brackets ensures that

growth is activated only if the current fiber stretch,

k ¼ ½ f0 � Ft � F � f0 �1=2, exceeds the physiological stretch

limit kcrit.We calculate kcrit as a regionally varying baseline

stretch under physiological conditions. The parameter s is

a scaling parameter in time, which we are currently cali-

brating through a series of experiments in chronic porcine

models of concentric and eccentric hypertrophy. To indi-

vidualize the model, we will eventually replace the simple

linear growth kinetics (16) by a more sophisticated kinetic

equation, e.g., to limit maximum growth,32,53 or tie the

growth process more closely to underlying subcellular

mechanisms.9 For now, we model growth within a nor-

malized time interval, which corresponds to a physical

time interval of months to years.

Computational Model

We implement the finite growth model as a user

defined subroutine into the non-linear finite element

program Abaqus/Standard version 6.13.1 We represent

growth through an internal variable, either #? or #jj,
and store the current growth state locally on the inte-

gration point level. To evolve the growth multiplier in

time, we adopt a finite difference approximation of the

first order time derivative, _# ¼ ½#� #n�=Dt, where #n

denotes the growth multiplier of the previous time step

and Dt ¼ t� tn is the current time increment. The

simplified format of the evolution law (16) allows us to

explicitly update the growth multiplier of the current

time step as # ¼ #n þ h k� kcrit iDt=s. We can then

calculate the elastic tensor Fe using either Eqs. (11) or

(14), calculate the elastic Jacobian Je and the isochoric

elastic Green-Lagrange strain tensor Ee using Eq. (4),

and evaluate the stresses using Eq. (8). Rather than

working with the second Piola Kirchhoff stress S,

Abaqus/Standard uses the Cauchy stress

r ¼ F � S � Ft=J. In addition, it requires the Jaumann

rate of the Kirchhoff stress s ¼ J r to ensure optimal

quadratic convergence of the Newton-Raphson pro-

cedure during the global equilibrium iteration.56

Constitutive Model

Table 1 summarizes the material parameters of our

anisotropic constitutive model for myocardial tissue.22

Since the commonly used ex vivo parameter values

for cardiac tissue typically fail to accurately reproduce

the in vivo response,2 we adopt the averaged patient-

specific material parameter values from an inverse

finite element analysis of five healthy human hearts,

three male and two female, age 36 ± 11 years.14

Specifically, we use a transversely isotropic version of

the Fung model,22 and further reduce the model to two

independent parameters, the stiffness parameter C0

and the nonlinearity parameter B0. We scale the fiber

stiffness to Bff ¼ B0, the transverse stiffnesses to

Bss ¼ Bnn ¼ 0:4B0, and the shear stiffnesses to

Bsn ¼ 0:2B0 and Bfs ¼ Bfn ¼ 0:35B0.
14 Using five

subject-specific sets of magnetic resonance images, we

identify the two parameters C0 and B0 through an

optimization algorithm with two nested loops: in the

outer loop, we optimize B0 by minimizing the distance

of the simulated subject-specific passive pressure–vol-

ume response to the Klotz curve, from beginning to

end diastole34; in the inner loop, we optimize C0 for a

fixed B0 by minimizing the distance between the sim-

ulated end-diastolic pressure and an assumed end-di-

astolic pressure of 9 mmHg.14 The parameter

identification results in C0 ¼ 0:115� 0:008 kPa and

B0 ¼ 14:4� 3:2, which suggests that the parameter

variability in healthy subjects is rather moderate, see

Table 1.

Living Heart Model

Figure 1 illustrates the Living Heart model, an

anatomically accurate four-chamber model of the heal-

thy human heart, that provides the basis for our simu-

lation.5 Figure 1, right, shows the underlying anatomic

model created from magnetic resonance images of a

healthy, 21-year old, 50th percentile U.S. male (Zygote

Media Group, Inc.; American Fork, Utah). Images were

reconstructed from 0.75 mm thick slices using a medium

soft-tissue kernel with retrospective electrocardiogram

gating.61 Data acquisition and reconstruction were per-

formed during 70% diastole. Specifically, images were

TABLE 1. Material parameter values of the healthy human
heart determined through inverse finite element analysis

using in vivo data.14

Elastic constants D0 kPa 0.001

C0 kPa 0.115

Normal stiffness weights Bff – 14.4

Bss – 5.76

Bnn – 5.76

Shear stiffness weights Bfs – 5.04

Bfn – 5.04

Bsn – 2.88
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reformatted to obtain the axial, short axis, vertical long,

and horizontal axis. The resulting DICOM data were

exported as JPEG files for image post-processing. To

create a high-resolution polygonal mesh, the heart tissue

was segmented using Amira (FEI; Hillsboro, Oregon).

To remove anomalies and scan artifacts, the resulting

multi-million polygon mesh was further post-processed

using Maya (Autodesk, Inc.; San Rafael, California).

From the refined polygonalmesh, NURBS surfaces were

created and converted into a solid model using Solid-

Works (Dassault Systèmes; Waltham, Massachusetts).

The interpolation error between the NURBS surface

model and the original segmented polygons was con-

firmed to be less than 1 mm.61 Figure 1, middle left,

illustrates the resulting geometric model of the heart with

all four chambers, the left and right atria and the left and

right ventricles, connected by the four valves.60 The tri-

cuspid andmitral valves connect the right and left atria to

the right and left ventricles; the pulmonary and aortic

valves connect the right and left ventricles to the pul-

monary and systemic circulation.

Figure 1, middle right, illustrates the finite element

model of the heart discretized with 208,561 linear

tetrahedral elements and 47,323 nodes. To create the

finite element model, we import the SolidWorks

NURBS surface model as solid geometry into Abaqus/

CAE (SIMULIA, Dassault Systèmes; Providence,

Rhode Island) and generate the tetrahedral dis-

cretization. This discretization introduces 141,969

degrees of freedom for the vector-valued deformation

u and 208,561 internal variables for the scalar-valued

growth multiplier #.5

Figure 1, right, shows the muscle fiber model with

208,561 discrete fiber and sheet directions f0 and s0. The

muscle fiber vectors wrap helically around the heart, the

sheet vectors points transmurally outward.5,59To fix the

heart in space, we apply homogeneous Dirichlet

boundary conditions at the geometric centers of the in-

or outlets of all blood vessels. To prescribe different

pressure values in each chamber, wemodel all valves in a

fully closed state. Subject-specific geometries extracted

from medical imaging are never entirely unloaded; they

are subjected to residual stresses. To preload the

geometry with a physiological residual stress field, we

could adopt the continuum theory of fictitious config-

urations combined with a fixed-point iteration.15 Here,

for simplicity, we assume that the geometry is in the end-

diastolic configuration and stress free.

Hypertrophy Model

We model the time line of four pathologies through

a combination of concentric and eccentric hypertrophy

triggered by left and right ventricular overload. To

identify the growth threshold kcrit in Eq. (16), we first

train the model with its baseline conditions: To simu-

late the physiological end-diastolic state, we apply a

left ventricular and atrial pressure of 5 mmHg and a

right ventricular and atrial pressure of 2 mmHg. For

each integration point, we record the physiological

fiber stretch k ¼ ½ f0 � Ft � F � f0 �1=2 and store it locally as

the growth threshold kcrit. To model systemic overload,

we double the left ventricular and atrial pressure

towards an end-diastolic pressure of 10 mmHg, while

keeping the right ventricular and arterial pressure at

their baseline value of 2 mmHg. To model pulmonary

overload, we double right ventricular and atrial pres-

sure towards an end-diastolic pressure of 4 mmHg,

while keeping the left ventricular and arterial pressure

at their baseline value of 5 mmHg. For the two over-

load scenarios, we gradually increase the pressure,

keep it at its maximum value to allow the ventricles to

grow, and then unload the heart. We only consider

growth in the ventricles, not in the atria and main

blood vessels. For both overload scenarios, we explore

the effects of concentric and eccentric hypertrophy.

RESULTS

Concentric Hypertrophy

Figures 2 and 3 show the development of concentric

hypertrophy in response to left and right ventricular

overload as predicted by the parallel sarcomere depo-

sition model. The snapshots summarize the evolution

of hypertrophy at four time points and three view-

points: one long-axis view, top row, and two short-axis

views, one basal slice, middle row, and one apical slice,

bottom row. The color code illustrates the relative

thickening of the individual heart muscle cells through

myofibrillogenesis, the parallel deposition of sarcomere

units. The value of #? ¼ 1:0 indicates no thickening;

the maximum value of #jj ¼ 1:4 indicates a cardiomy-

ocyte thickening of 40% through the addition of 40%

more myofibrils in parallel to the cell’s long axis.

Figure 2 illustrates the typical characteristics of sys-

temic hypertension: an increase in left ventricular wall

thickness at a relatively constant overall size. The short

axis view visualizes the classical secondary effects asso-

ciated with left ventricular wall thickening: a narrowing

of the ventricular cavity and a decrease in left ventricular

volume associated with an impaired diastolic filling.

Figure 3 documents the features of pulmonary

hypertension: an increase in right ventricular wall thick-

ness and a pronounced inversion of septal curvature.

Figure 4 summarizes the evolution of the cardiac

chamber and wall volumes during concentric hyper-

trophy in response to left and right ventricular overload.

The chamber volume of the overloaded chamber
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increases at first, and then decrease as the wall thickens.

The wall volumes increase rapidly at first, but then

saturate as the wall stretches return to their physiolog-

ical baseline values.

Eccentric Hypertrophy

Figures 5 and 6 show the development of eccentric

hypertrophy in response to left and right ventricular

overload as predicted by the serial sarcomere deposition

model. The snapshots summarize the gradual progres-

sion of hypertrophy at four time points and three

viewpoints: one long-axis view, top row, and two short-

axis views, one basal slice, middle row, and one apical

slice, bottom row. The color code illustrates the relative

lengthening of the individual heart muscle cells through

sarcomerogenesis, the serial deposition of sarcomere

units. The value of #jj ¼ 1:0 indicates no lengthening;

FIGURE 2. Development of concentric hypertrophy in response to left ventricular overload as predicted by the parallel sarcomere
deposition model. Long axis view (top), basal slice of short-axis views (middle) and apical slice of short-axis view (bottom). The
color code visualizes the relative thickening of heart muscle cells through parallel sarcomere deposition. Ellipticity is preserved,
but wall thickness is drastically increased, which is characteristic for systemic hypertension.
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the maximum value of #jj ¼ 1:4 indicates a cardiomy-

ocyte lengthening of 40% through the addition of 40%

more sarcomeres along the cell’s long axis.

Figures 5 illustrates the characteristic features of left

heart failure: a progressive increase in left ventricular

volume at a relatively constant wall thickness and a

gradual transition from elliptical to spherical shape.

Hypertrophy starts first at the endocardium, the inner

wall, and then propagates toward the epicardium, the

outer wall. The long-axis view reveals the classical sec-

ondary effects associated with ventricular dilation: pap-

illary muscle dislocation and mitral annular dilation.

Figure 6 illustrates the characteristic features of

right heart failure: an increase in right ventricular

volume at a relatively constant wall thickness and a

decrease in septal curvature associated with a change in

left ventricular cross section from circular to D-shaped

size.

Figure 7 summarizes the evolution of cardiac

chamber and wall volumes during eccentric hypertro-

phy in response to left and right ventricular overload.

For both cases of overload, the volume of the over-

loaded chamber increases drastically, while all other

chamber volumes are only marginally affected. The

FIGURE 3. Development of concentric hypertrophy in response to right ventricular overload as predicted by the parallel sar-
comere deposition model. Long axis view (top), basal slice of short-axis views (middle) and apical slice of short-axis view (bottom).
The color code visualizes the relative thickening of heart muscle cells through parallel sarcomere deposition. Ellipticity is pre-
served, but wall thickness increases and septum curvature reverses, which is characteristic for pulmonary hypertension.
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wall volume of the affected chamber increases gradu-

ally as the ventricle continues to dilate. In both cases,

left and right ventricular overload, eccentric hyper-

trophy continues for continuing overload. Compared

to the parallel sarcomere deposition model in Fig. 4,

wall volumes increase less drastically for the serial

sarcomere deposition model in Fig. 7.

Figures 8 and 9 show the development of annular

dilation in response to left and right ventricular over-

load. The colors visualize the tricuspid and mitral

annuli. Left ventricular overload causes a pronounced

mitral annular dilation, which can eventually lead to

mitral regurgitation, a classical secondary effect of left

ventricular overload. Right ventricular overload causes

tricuspid annular dilation, which can lead to tricuspid

regurgitation, a classical secondary effect of right

ventricular overload.

Figure 10 quantifies the evolution of the mitral and

tricuspid annular perimeters during eccentric hypertrophy

in response to left and right ventricular overload. The

mitral annular perimeter increases drastically upon left

ventricular overload, but remains unaffected by right

ventricular overload. The tricuspid annular diameter

increases moderately upon left ventricular overload, but

increases markedly upon right ventricular overload.

Figure 11 illustrates an interesting difference between

concentric and eccentric hypertrophy, the evolution of

the pressure–volume relationships during right ventric-

ular overload. During concentric growth, the right

ventricular pressure–volume loop shifts to the left indi-

cating an increase in right ventricular stiffness. During

eccentric growth, the right ventricular pressure–volume

loop shifts to the right indicating an increase in right

ventricular compliance. This is in general agreement

with the common understanding that the heart stiffens

during hypertrophic cardiomyopathy—a classical hall-

mark of hypertension—and softens during dilated car-

diomyopathy—a classical hallmark of heart failure.

FIGURE 4. Evolution of cardiac chamber and wall volumes during concentric hypertrophy in response to left (top) and right
(bottom) ventricular overload as predicted by the parallel sarcomere deposition model. Chambers volume increase slightly at first,
and then decrease as the walls thicken (left). Wall volumes increase drastically, but then saturate as the wall stretches return to
their physiological baseline values (right).
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DISCUSSION

Patient-specific modeling holds promise to optimize

treatment on an individual, personalized basis. Exist-

ing patient-specific models can now reproduce the

physiological behavior of the living heart and predict

the acute, immediate response to changes in the

mechanical environment. These changes can be

induced naturally, for example through pressure or

volume overload, or interventionally, through surgery

or other types of treatment. However, unfortunately,

most existing models fail to predict the chronic, long-

term response to environmental changes. This implies

that we can not yet make reliable statements about the

timeline of a progressive disease or about the long-

term success of a treatment option. Here we establish a

new generation of whole heart models to predict the

acute and chronic pathophysiology of the living heart

for the examples of concentric and eccentric hyper-

trophy.

FIGURE 5. Development of eccentric hypertrophy in response to left ventricular overload as predicted by the serial sarcomere
deposition model. Long axis view (top), basal slice of short-axis views (middle) and apical slice of short-axis view (bottom). The
color code visualizes the relative lengthening of heart muscle cells through serial sarcomere deposition. The increase in left
ventricular volume and loss of ellipticity are classical features of left heart failure.
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While previous phenomenological growth models

prescribe an assumed rule to drive the remodeling

process.37 here growth is a natural consequence of

overload: in concentrical hypertrophy, growth is self-

regulated and converges to a homeostatic equilibrium

state; in eccentric hypertrophy, growth continues

unboundedly. In contrast to previous models, which

prescribe homogeneous growth through a single grad-

ually increasing growth multiplier,31 here the growth

multiplier is heterogeneous by definition, it evolves

naturally, varies with chamber geometry, and depends

inherently on the patient-specific overload level. In

contrast to previous models, in which the homeostatic

state is prescribed by a single phenomenological base-

line stretch kcrit17 or baseline stress r0,
8 here we calculate

the homeostatic state as the regionally varying response

under patient-specific baseline conditions. This implies

that the baseline stretch kcrit is no longer an arbitrary

parameter—it follows naturally from individual physi-

ological conditions.

Concentric hypertrophy is characterized through an

increase in wall thickness at a relatively constant car-

diac size.39 Our simulations in Figs. 2 and 3 naturally

capture these pathophysiological features. Typical

FIGURE 6. Development of eccentric hypertrophy in response to right ventricular overload as predicted by the serial sarcomere
deposition model. Long axis view (top), basal slice of short-axis views (middle) and apical slice of short-axis view (bottom). The
color code visualizes the relative lengthening of heart muscle cells through serial sarcomere deposition. Reverse curvature of the
septum and D-shape cross section of the left ventricle are classical features of right heart failure.
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secondary effects associated with systemic hyperten-

sion are a decrease in chamber volume and a potential

outflow obstruction through pronounced septal

growth.44 Under chronic conditions, these geometric

changes might eventually impair diastolic filling,

reduce cardiac output,28 and decrease the overall blood

supply to the body.10 While single- or bi-ventricular

models are able to reproduce the decrease in chamber

volume,37,51 they might be insufficient to make pre-

dictions about the impact of these changes on outflow

characteristics.44. The long axis views in Fig. 2

demonstrate that our four-chamber heart model nat-

urally captures chronic alterations in septal wall

geometry and their impact on the outflow tract of the

left ventricle. Typical secondary effects associated with

pulmonary hypertension are a reduction of septal

curvature50 and a change in left ventricular cross sec-

tion from circular to D-shaped size.23,24 Under chronic

conditions, these geometric changes may induce

abnormal septal function, and impair left ventricular

performance through ventricular interdependence. The

short axis views in Fig. 3 illustrate that our model is

capable of predicting these characteristic effects.

Concentric hypertrophy is characterized through a

negative feedback loop: wall thickening is a compen-

satory mechanism to accommodate an increase in

pressure; it is a self-regulatory process that converges

towards a new homeostatic equilibrium state at a

higher pressure level. According to the law of Laplace,

the wall stress decreases as the wall thickens. This

implies that the stretch, our driving force for growth,

gradually returns to its physiological baseline value.

This deactivates further growth as predicted by our

model in Fig. 4. The compensatory thickening of the

ventricles at a relatively constant ventricular size—a

classical hallmark of systemic and pulmonary hyper-

tension—is in agreement with our model predictions.

Eccentric cardiac hypertrophy is characterized

through a progressive increase in cardiac diameter at a

relatively constant wall thickness,39 and a gradual

FIGURE 7. Evolution of cardiac chamber and wall volumes during eccentric hypertrophy in response to left (top) and right
(bottom) ventricular overload as predicted by the serial sarcomere deposition model. Chamber volumes increase drastically with
only minor saturation (left). Wall volumes increase moderately and do not saturate as the ventricles continue to dilate (right).

GENET et al.122



transition from elliptical to spherical shape.11 Our

simulations in Figs. 5 and 6 naturally capture these

pathophysiological features. Typical secondary effects

associated with left ventricular dilation are a disloca-

tion of the papillary muscles20 and an increase in mitral

annular area.51 Under chronic conditions, these geo-

metric changes might lead to mitral regurgitation,12

tricuspid regurgitation,54 reduced ejection fraction,10

and insufficient blood supply to the body.52 While

changes in mitral and tricuspid annular geometry are

often insufficiently captured in single- and bi-ventric-

ular models,18 Figs. 8 and 9 demonstrate that our four-

chamber model is capable of predicting these effects.

Our simulations of annular dilation could have

important implications in selecting and sizing annulo-

plasty bands or rings to reduce mitral or tricuspid

regurgitation.

Eccentric cardiac hypertrophy is characterized

through a positive feedback loop: ventricular dilation

increases progressively with continuing overload.

According to the law of Laplace, the ventricular wall

stress is proportional to the ventricular pressure and

the ventricular radius, and inversely proportional to

the ventricular wall thickness. This implies that the

end-diastolic fiber stress, the fiber stretch, and the

overall chamber volume keep increasing as predicted in

Fig. 7. Overall, the progressive dilation of the ventri-

cles at a relatively constant wall thickness—a classical

hallmark of heart failure—is in excellent agreement

with our model predictions.

To address the inherent limitations of our model,

the next natural steps are two-fold: On the cellular

level, the next step will be to establish, calibrate, and

validate more mechanistic growth laws,32 which accu-

rately represent the individual signaling pathways

associated with concentric and eccentric growth.25 On

the whole organ level, the next step will be to stream-

line the integration of patient-specific data,36 including

individual hemodynamics and chamber geometries.2

Parameterized in terms of hierarchically organized

NURBS surfaces,61 our healthy four-chamber heart

model has the potential to serve as a template, which

could be individualized via morphing using specific

anatomic landmarks of individual patients. Coordi-

nated efforts along these lines will shape the way

towards personalized diagnostics and decision making.30

FIGURE 8. Development of annular dilation in response to left ventricular overload as predicted by the serial sarcomere depo-
sition model. Long axis view (top) and short-axis views (bottom). The colors visualize the tricuspid and mitral annuli. Mitral annular
dilation can lead to mitral regurgitation and is a classical secondary effect of left ventricular overload.
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In summary, our simulations of concentric and

eccentric hypertrophy agree favorably with the clinical

observations in patients with left and right ventricular

overload. Our model naturally connects the molecular

events of parallel and serial sarcomere deposition

with cellular phenomena of myofibrillogenesis and

FIGURE 9. Development of eccentric hypertrophy in response to right ventricular overload as predicted by the serial sarcomere
deposition model. Long axis view (top) and short-axis views (bottom). The colors visualize the tricuspid and mitral annuli. Tri-
cuspid annular dilation can lead to tricuspid regurgitation and is a classical secondary effect of right ventricular overload.

FIGURE 10. Evolution of annular perimeter during eccentric hypertrophy in response to left and right ventricular overload as
predicted by the serial sarcomere deposition model. The mitral annular perimeter increases drastically upon left ventricular
overload (dark red) but remains unaffected by right ventricular overload (light red); the tricuspid annular diameter increases
moderately upon left ventricular overload (dark blue), but increases markedly upon right ventricular overload (light blue).
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sarcomerogenesis to model organ level function during

concentric and eccentric hypertrophy. Unlike most

existing models for cardiac maladaptation, our model

not only accounts for the end points of the disease, but

enables the prediction of disease progression with its

characteristic negative and positive feedback loops.

The Living Heart model, an anatomic model of the

human heart with all four chambers and valves, not

only allows us to predict chronic alterations in wall

thickness, chamber size, and cardiac geometry, but

also to quantify the long-term effects of these alter-

ations on papillary muscle position, valvular geometry,

regurgitant flow, and outflow obstruction. To calibrate

our model, we are currently performing a series of

experiments to characterize the regional and temporal

progression of concentric and eccentric hypertrophy in

chronic porcine models of pressure and volume over-

load. Upon appropriate calibration, our model has the

potential to link cell level characteristics, e.g., an in-

crease in the serial sarcomere number, to whole organ

form and function, e.g., an increase in end-diastolic

volume and a decrease in ejection fraction, with the

ultimate goal to estimate the risk of heart failure and

support decision-making on an individualized, patient-

specific basis.
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sault Systèmes. 2013.
2Aguado-Sierra, J., A. Krishnamurthy, C. Villogco, J.
Chuang, E. Howard, M. J. Gonzales, J. Omens, D. E.
Krummen, S. Narayan, R. C. P. Kerckhoffs, A. D.
McCulloch. Patient-specific modeling of dyssynchronous
heart failure: a case study. Prog. Biophys. Mol. Biol.
107:147-155, 2011.
3Ambrosi, D., G. A. Ateshian, E. M. Arruda, S. C. Cowin,
J. Dumais, A. Goriely, G. A. Holzapfel, J. D. Humphrey,
R. Kemkemer, E. Kuhl, J. E. Olberding, L. A. Taber, K.
Garikipati. Perspectives on biological growth and remod-
eling. J. Mech. Phys. Solids. 59:863-883, 2011.
4American Heart Association. Heart disease and stroke
statistics 2014 update. Circulation 129:e28e292, 2014.
5Baillargeon, B., N. Rebelo, D. D. Fox, R. L. Taylor, E.
Kuhl. The Living Heart Project: arobust and integrative
simulator for human heart function. Eur. J. Mech. A 48:38-
47, 2014.
6Berberoglu, E., H. O. Solmaz, S. Göktepe. Computational
modeling of coupled cardiac electromechanics incorporat-
ing cardiac dysfunctions. Eur. J. Mech. A: 48:60-73, 2014.

FIGURE 11. Pressure–volume relationships during concen-
tric (top) and eccentric (bottom) hypertrophy in response to
right ventricular overload as predicted by the parallel and
serial sarcomere deposition models. Both growth laws induce
residual stress in the overloaded right ventricle. Concentric
growth decreases ventricular compliance; eccentric growth
increases ventricular compliance.

Modeling Pathologies of Diastolic and Systolic Heart Failure 125



7Berne, R. M., M. N. Levy. Cardiovascular Physiology. The
Mosby Monograph Series, St Louis: Mosby 2001.
8Boovendeerd, P. H. M. Modeling of cardiac growth and
remodeling of myofiber orientation. J. Biomech. 45:872-
882, 2012.
9Campbell, S. G., A. D. McCulloch. Multi-scale computational
models of familial hypertrophic cardiomyopathy: genotype to
phenotype. J. R. Soc. Interface 8:1550-1561, 2011.

10Chatterjee, K., B. Massie. Systolic and diastolic heart
failure: differences and similarities. J. Cardiac Fail. 13:569-
576, 2007.

11Cheng, A., T. C. Nguyen, M. Malinowski, D. B. Ennis, G. T.
Daughters, D. C. Miller, N. B. Ingels. Transmural left ven-
tricular shear strain alterations adjacent to and remote from
infarcted myocardium. J. Heart Valve Dis. 15:209-218, 2006.

12Enriquez-Sarano, M., C. W. Akins, A. Vahanian. Mitral
regurgitation. Lancet 373:13821394, 2009.

13Fung, Y. C. Biomechanics: Mechanical Properties of Liv-
ing Tissues. New York: Springer, 1993.

14Genet, M., L. C. Lee, R. Nguyen, H. Haraldsson,
G. Acevedo-Bolton, Z. Zhang, L. Ge, K. Ordovas, S.
Kozerke, J. M. Guccione. Distribution of normal human
left ventricular myofiber stress at end-diastole and end-
systole—a target for in silico studies of cardiac procedures.
J. Appl. Phys. 117:142-152, 2014.

15Genet, M., M. K. Rausch, L. C. Lee, S. Choy, X. Zhao,
G. S. Kassab, S. Kozerke, J. M. Guccione, E. Kuhl.
Heterogeneous growth-induced prestrain in the heart.
J. Biomech. doi:10.1016/j.jbiomech.2015.03.012, 2015.

16Gerdes, A.M., S. E. Kellerman, J. A. Moore, K. E. Muffly,
L. C. Clark, P. Y. Reaves, K. B. Malec, P. P. McKeown,
D. D. Schocken. Structural remodeling of cardiac myocytes
in patients with ischemic cardiomyopathy. Circulation
86:426-430, 1992.

17Göktepe, S., O. J. Abilez, E. Kuhl. A generic approach
towards finite growth with examples of athlete’s heart,
cardiac dilation, and cardiac wall thickening. J. Mech.
Phys. Solids 58:1661-1680, 2010.

18Göktepe, S.,O. J.Abilez,K.K.Parker, E.Kuhl.Amultiscale
model for eccentric and concentric cardiac growth through
sarcomerogenesis. J. Theor. Biol. 265:433-442, 2010.

19Gonzales, M.J., G. Sturgeon, A. Krishnamurthy, J. Hake,
R. Jonas, P. Stark, W. J. Rappel, S. M. Narayan, Y.
Zhang, W. P. Segars, A. D. McCulloch. A three-dimen-
sional finite element model of human artrial anatomy: new
methods for cubic Hermite meshes with extraordinary
ventricles. Med. Image Anal. 17:525-537, 2013.

20Green, G.R., p. Dagum, J. R. Glasson, G. T. Daughters, A.
F. Bolger, L. E. Foppiano, G. J. Berry, N. B. Ingles, D. C.
Miller. Mitral annular dilatation and papillary muscle
dislocation without mitral regurgitation in sheep. Circula-
tion 100:95-102, 1999.

21Grossman, W., D. Jones, L. P. McLaurin. Wall stress and
patterns of hypertrophy in the human left ventricle. J. Clin.
Invest. 56:56-64, 1975.

22Guccione, J.M., A. D. McCulloch, L. K. Waldman. Passive
material properties of intact ventricular myocardium
determined from a cylindrical model. J. Biomech. Eng.
113:42-55, 1991.

23Haddad, F., S. A. Hunt, D. N. Rosenthal, D. J. Murphy.
Right ventricular function in cardiovascular disease. Part I:
Anatomy, physiology, aging, and functional assessment of
the right ventricle. Circulation 117:1436-1448, 2008.

24Haddad, F., R. Doyle, D. J. Murphy, S. A. Hunt. Right
ventricular function in cardiovascular disease. Part II:

Pathophysiology, clinical importance, and management of
right ventricular failure. Circulation 117:1717-1731, 2008.

25Hake, J., P. M. Kekenes-Huskey, A. D. McCullochD.
Computational modeling of subcellular transport and sig-
naling. Curr. Opin. Struct. Biol. 25:92-97, 2014.

26Holzapfel, G.A. Nonlinear Solid Mechanics: A Continuum
Approach for Engineering. Chichester: Wiley, 2000.

27Holzapfel, G.A., R. W. Ogden. Constitutive modeling of
passive myocardium. A structurallybased framework for
material characterization. Philos. Trans. R. Soc. A
367:3445-3475, 2009.

28Jessup, M., S. Brozena. Heart failure. N. Engl. J. Med.
348:2007-2018, 2003.

29Kassab, G. A systems approach to tissue remodeling.
J. Biomed. Eng. 10:101008, 2009.

30Kerckhoffs, R. C. P. Patient-Specific Modeling of the
Cardiovascular System. New York: Springer, 2010.

31Kerckhoffs, R. C. P. Computational modeling of cardiac
growth in the post-natal rat with a strain-based growth law.
J. Biomech. 45:865-871, 2012.

32Kerckhoffs, R. C. P., J. H. Omens, A. D. McCulloch. A
single strain-based growth law predicts concentric and
eccentric cardiac growth during pressure and volume
overload. Mech. Res. Commun. 42:40-50, 2012.

33Kerckhoffs, R. C. P., J. H. Omens, A. D. McCulloch.
Mechanical discoordination increases continuously after
the onset of left bundle branch block despite constant
electrical dyssynchrony in a computational model of car-
diac electromechanics and growth. Europace 14:4v65-v72,
2012.

34Klotz, S., I. Hay, M. L. Dickstein, G. H. Yi, J. Wang, M. S.
Maurer, D. A. Kaas, D. Burkhoff. Single beat-estimation
of end-diastolic pressure–volume relationship: a novel
method with potential for noninvasive application. Am. J.
Physiol. Heart Circ. Physiol. 291:H403-H412, 2006.

35Konstam, M.A. ’’Systolic and diastolic dysfunction’’ in
heart failure? Time for a new paradigm. J. Cardiac Fail.
9:1-3, 2003.

36Krishnamurthy, A., C. T. Villongco, J. Chuang, L. R.
Frank, V. Nigam, E. Belezzuoli, P. Stark, D. E. Krummen,
S. Narayan, J. H. Omens, A. D. McCulloch, R. C. P.
Kerckhoffs. Patient-specific models of cardiac biomechan-
ics. J. Comput. Phys. 244:4-21, 2013.

37Kroon, W., T. Delhaas, T. Arts, P. Bovendeerd. Compu-
tational modeling of volumetric soft tissue growth: appli-
cation to the cardiac left ventricle. Biomech. Model.
Mechanobiol. 8:301309, 2009.

38Krumholz, H. M., Y. T. Chen, Y. Wang, V. Vaccarino, M.
J. Radford, R. I. Horwitz. Predictors of readmission among
elderly survivors of admission with heart failure. Am. Heart
J. 139:7277, 2000.

39Kumar, V., A. K. Abbas, N. Fausto. Robbins and Cotran
Pathologic Basis of Disease. Philadelphia: Elsevier Saun-
ders, 2005.

40Libby, P., R. O. Bonow, D. L. Mann, D. P. Zipes.
Braunwald’s Heart Disease. Philadelphia: Saunders. 2007.

41Lorell, B. H., B. A. Carabello. Left ventricular hypertro-
phy: pathogenesis, detection, and prognosis. Circulation
102:470-479, 2000.

42Mann, D. L. Mechanisms and models in heart failure.
Circulation 100:999-1008, 1999.

43Mansour, H., P. P. Tombe, A. M. Samarel, B. Russel.
Restoration of resting sarcomere length after uniaxial static
strain is regulated by protein kinase C� and focal adhesion
kinase. Circ. Res. 94:642-649, 2004.

GENET et al.126

http://dx.doi.org/10.1016/j.jbiomech.2015.03.012


44Maron, M. S., I. Olivotto, S. Betocchi, S. A. Casey, J. R.
Lesser, M. A. Losi, F. Cecchi, B. J. Maron. Effect of left
ventricular outflow tract obstruction on clinical outcome in
hypertrophic cardiomyopathy. N. Engl. J. Med. 348:295-
303, 2003.

45Mehrabadi, M., S. C. Cowin. Eigentensors of linear ani-
sotropic elastic materials. Q. J. Mech. Appl. Math. 43:15-
41, 1990.

46Noble, D. Modeling the heart—from genes and cells to the
whole organ. Science 295:1678-1682, 2002.

47Opie, L.H. Heart Physiology: From Cell to Circulation.
Lippincott Williams & Wilkins, Philadelphia, 2004.

48Opie, L.H., P. J. Commerford, B. J. Gersh, M. A. Pfeffer.
Controversies in Cardiology 4—Controversies in ventricu-
lar remodelling. Lancet 367:356-367, 2006.

49Pezzuto, S., D. Ambrosi, A. Quarteroni. An orthotropic ac-
tive-strain model for the myocardium mechanics and its
numerical implementation. Euro. J. Mech. A 48:83-96, 2014.

50Rausch, M. K., A. Dam, S. Göktepe, O. J. Abilez, E. Kuhl.
Computational modeling of growth: systemic and pul-
monary hypertension in the heart. Biomech. Model. Me-
chanobiol. 10:799-811, 2011.

51Rausch, M. K., F. A. Tibayan, D. C. Miller, E. Kuhl.
Evidence of adaptive mitral leaflet growth. J. Mech. Behav.
Biomed. Mater. 15:208-217, 2012.

52Rausch, M. K., F. A. Tibayan, N. B. Ingels, D. C. Miller,
E. Kuhl. Mechanics of the mitral annulus in chronic
ischemic cardiomyopathy. Ann. Biomed. Eng. 41:2171-
2180, 2013.

53Rodriguez, E.K., A. Hoger, A. D. McCulloch. Stress-
dependent finite growth in soft elastic tissues. J. Biomech.
27:455-467, 1994.

54Rogers, J.H. and S. F. Bolling. The tricuspid valve: current
perspective and evolving management of tricuspid regur-
gitation. Circulation 119:2718-2725, 2009.

55Rossi, S., T. Lassila, R. Ruiz-Baier, A. Sequeira, A.
Quarteroni. Thermodynamically consistent orthotropic
activation model capturing ventricular systolic wall thick-
ening in cardiac electromechanics. Euro. J. Mech. A 48:129-
142, 2014.

56Stein, E., G. Sagar. Convergence behavior of 3D finite
elements for Neo-Hookean material. Eng. Comput. 25:220-
232, 2008.

57Trayanova, N. A. Whole-heart modeling: applications to
cardiac electrophysiology and electromechanics. Circ. Res.
108:113-128, 2011.

58Wisdom, K. M., S. L. Delp, E. Kuhl. Use it or lose it:
multiscale skeletal muscle adaptation to mechanical stim-
uli. Biomech. Mod. Mechanobiol. 14:195-215, 2015.

59Wong, J., E. Kuhl. Generating fibre orientation
maps in human heart models using Poisson interpolation.
Comput. Methods. Biomech. Biomed. Eng. 17:1217-1226,
2014.

60Zygote Media Group, Inc. The Zygote Solid 3D Heart
Model, 2014.

61Zygote Media Group, Inc. Zygote Solid 3d Heart Gener-
ations I & II Development Report. Technical Development
of 3D Anatomical Systems, 2014.

Modeling Pathologies of Diastolic and Systolic Heart Failure 127


	Modeling Pathologies of Diastolic and Systolic Heart Failure
	Abstract
	Introduction
	Materials and Methods
	Continuum Model
	Growth Model
	Computational Model
	Constitutive Model
	Living Heart Model
	Hypertrophy Model

	Results
	Concentric Hypertrophy

	Discussion
	Acknowledgements
	References


